] cyt upon acute salt stress.
Introduction
Calcium (Ca) is an essential plant macronutrient. It must be taken up by the root system from the soil solution in the cationic form (Ca 2+ ), and translocated to the shoot via the xylem at rates consistent with growth (White, 1998 (White, , 2001 . The delivery of Ca to the xylem is essentially restricted to the apical region of the root. This pattern is thought to re¯ect the development of the endodermis (Peterson and Cholewa, 1998; Schreiber et al., 1999; White, 2001) . The endodermis develops in three stages. All cells in the endodermis develop a Casparian band within their transverse and radial longitudinal walls following cell elongation, and coincident with the maturation of the protoxylem (State I endodermis). The Casparian band is ®rmly attached to the plasma membrane of State I endodermal cells and restricts the movement of Ca 2+ through the apoplast between the cortex and stele. Although some apoplastic transport may occur (White, 2001) , it is believed that most Ca 2+ destined for the xylem must circumvent the Casparian band via the cytoplasm of State I endodermal cells. However, such an arrangement could comprom- These layers of suberin create a lamellar structure that isolates the endodermal cell protoplast from the apoplast. The presence of suberin lamellae is thought to prevent Ca 2+ in¯ux across the plasma membrane (Peterson and Cholewa, 1998 response to many biotic and abiotic stimuli and is thought to be essential for eliciting an appropriate physiological or developmental response Plieth, 2001; Sanders et al., 1999; White, 1998) . Two such stimuli are cooling and salt stress (Campbell et al., 1996; DeWald et al., 2001; Kiegle et al., 2000b; Knight and Knight, 2000; Knight et al., 1999; Plieth et al., 1999; Polisensky and Braam, 1996) . The kinetics and magnitude of changes in [Ca 2+ ] cyt of root cells on cooling are a function of the rate of cooling, the duration of cooling, and the magnitude of the temperature drop (Plieth et al., 1999) . Root cells respond to abrupt cooling (cold-shock) by an immediate, transient increase in [Ca 2+ ] cyt (Kiegle et al., 2000b; Plieth et al., 1999; Polisensky and Braam, 1996) . When the cold shock is transient, the magnitude of the peak [Ca 2+ ] cyt is directly related to the rate of cooling rather than to the absolute temperature (Plieth et al., 1999 ] cyt (Plieth et al., 1999) . However, sustained cooling below a threshold temperature results in a biphasic response, in which the initial transient increase in [Ca 2+ ] cyt is followed by a more prolonged, second transient elevation of [Ca 2+ ] cyt Plieth et al., 1999) . Since the ®rst elevation of [Ca 2+ ] cyt is inhibited by extracellular La 3+ and EGTA, it is thought to arise from Ca 2+ in¯ux from the apoplast Knight et al., 1996; . From the exaggerated response of aequorin localised to a`vacuolar microdomain' during the second [Ca 2+ ] cyt elevation and its sensitivity to neomycin and lithium, it has been suggested that this peak arises from the release of Ca 2+ from IP 3 -dependent vacuolar stores Knight et al., 1996; ] cyt transients in roots are prevented by pharmaceuticals that block the depolarisation-activated maxi cation channel in the plasma membrane of root cells (White, 1998) , and combining kinetic and permeation models for the maxi cation channel predicts the Ca 2+ in¯ux and changes in [Ca 2+ ] cyt elicited by cooling (White and Ridout, 1999 , is present in the extracellular medium (Mazars et al., 1997) . This is consistent with the participation of depolarisation-activated Ca 2+ channels which are stabilised by pharmaceuticals that disorganise microtubules, and are constitutively recruited in protoplasts from the Arabidopsis ton2 mutant in which microtubule organisation is defective (Thion et al., 1996 (Thion et al., , 1998 ] cyt of root cells increases immediately they are exposed to salt stress (Bittisnich et al., 1989; DeWald et al., 2001; Kiegle et al., 2000b; Lynch et al., 1989 in¯ux to the cytoplasm in response to salt stress than in response to cooling . It has been suggested that different cell types within the root show similar transient elevations in [Ca 2+ ] cyt in response to cooling, but differ in their responses to salt stress (Kiegle et al., 2000b) . However, previous studies of [Ca 2+ ] cyt perturbations elicited by stress in endodermal cells have treated them as a single population of homogeneous cells (Kiegle et al., 2000b 
Results

Elevations in [Ca
2+
] cyt of endodermal cells upon cooling and salt (NaCl) stress differ both temporally and spatially along the length of the root Transgenic Arabidopsis thaliana line J3611, expressing apoaequorin fused to a modi®ed yellow¯uorescent protein (YFP) solely in endodermal cells (Kiegle et al., 2000b) ] cyt perturbations in whole roots in response to slow cooling Plieth et al., 1999) .
Endodermal cells along most of the root responded to acute salt stress (Figure 1 , 2, 3B and 6). The peak [Ca 2+ ] cyt elicited by salt stress was apparently greater than that elicited by cooling. The timecourse of perturbations in [Ca 2+ ] cyt following salt treatment differed between individual endodermal cells, depending on their distance from the root apex and/or their stage of development (Figure 2 and 4). In apical segments, [Ca 2+ ] cyt increased immediately and declined to resting levels equally rapidly. In basal segments, [Ca 2+ ] cyt was slower to rise and elevated [Ca 2+ ] cyt was more prolonged. Thus, in response to acute salt stress, the apparent timecourse of [Ca 2+ ] cyt perturbations in the endodermis integrated over the entire root ( Figure 3A ; Kiegle et al., 2000b) can differ markedly from that occurring in individual endodermal cells (Figure 2 ). No [Ca 2+ ] cyt oscillations with a de®ned periodicity were observed in endodermal cells from any region of the root upon acute salt stress, even when data were integrated over 5 sec intervals (data not shown). Thus, the apparent oscillations in [Ca 2+ ] cyt of the ensemble endodermis following acute salt stress reported by Kiegle et al. (2000b) may simply re¯ect the asynchronous responses of endodermal cells in different regions of the root. Recent studies by Scrase-Field and Knight (2001) using Arabidopsis transformed with apoaequorin under the control of the 35S promoter suggest that, in response to salt stress, [Ca 2+ ] cyt increases ®rst in a region several mm behind the root apex, and that a`wave' of cells with elevated [Ca 2+ ] cyt spreads quickly to the apex and more slowly to the basal regions of the root.
The deposition of suberin lamellae around endodermal cells in Arabidopsis roots
The deposition of suberin lamellae around endodermal cells in roots of transgenic Arabidopsis line J3611 ( Figure 5A ) was similar to that found in wild-type Arabidopsis (Woolaway, 1999) . Few endodermal cells were surrounded by suberin lamellae at 1 mm from the root apex. At distances further from the root apex, the number of endodermal cells surrounded by suberin lamellae increased gradually and most endodermal cells were surrounded by suberin lamellae at distances greater than 6 mm from the root apex. However, endodermal cells lacking suberin lamellae were occasionally observed, even ] cyt elevation elicited by cooling declined gradually with distance from the root apex ( Figure 5B ). The [Ca 2+ ] cyt elevation elicited by cooling is not reduced in other cell types at this distance from the apex (Kiegle et al., 2000b; Knight and Knight, 2000; Knight et al., 1999; C.A. Moore, unpublished observations) , suggesting that this phenomenon is related to the stage of development of the endodermal cell, rather than its longitudinal position in the root. When the increase in [Ca 2+ ] cyt elicited by cooling was compared with the extent of suberisation of endodermal cells, an inverse relationship was observed ( Figure 5C ). ] cyt elicited by acute salt stress was also reduced in endodermal cells at the base of the root (Figure 1 , 2, 3B and 6). However, acute salt stress always increased [Ca 2+ ] cyt irrespective of the extent of endodermal-cell suberisation, and a signi®cant proportion of the aequorin luminescence expected for unsuberised endodermal cells was observed even when endodermal cells were fully suberised ( Figure 6 ).
Discussion
When plants were cooled, a transient increase in [Ca 2+ ] cyt was observed in endodermal cells only within the apical 4 mm of the Arabidopsis root. The magnitude of the [Ca 2+ ] cyt transients decreased as the endodermis proceeded from State I to State II ( Figure 5 ). This new data is consistent with the hypothesis that suberin lamellae isolate the endodermal cell protoplast from the apoplast and, thereby, prevent Ca 2+ in¯ux. It is also consistent with the hypoth- Data are expressed as mean T SEM (where n > 2) from sections responding to these stimuli by increasing [Ca 2+ ] cyt . Observations were made on 32 transgenic Arabidopsis line J3611 upon cooling and from 45 transgenic Arabidopsis line J3611 in response to acute salt stress. For successive root sections n = 32, 32, 32, 30, 26, 24, 23, 24, 24, 16, 8 , 1 in response to cooling, and n = 45, 45, 45, 44, 38, 38, 34, 24, 16, 7, 3 , 2 in response to acute salt stress.
esis that the elevated [Ca 2+ ] cyt elicited by cooling depends absolutely on Ca 2+ in¯ux. This observation can be reconciled with previous conclusions, based on both pharmacological evidence and the targeting of aequorin to vacuolar microdomains Knight et al., 1996; , that both apoplastic and intra- ] cyt perturbations (White, 1998 (White, , 2000 . Hyperpolarisation activated Ca 2+ channels have also been reported in the plasma membrane of root cells (Kiegle et al., 2000a; Ve Â ry and Davies, 2000) , but these channels are unlikely to open during the slow action potential elicited by cooling. In passing, it might be noted that a cellular [Ca 2+ ] cyt signal cannot induce acclimation to low temperatures in suberised endodermal cells that do not show perturbations in [Ca 2+ ] cyt upon cooling. When roots are subject to an acute salt stress, [Ca 2+ ] cyt elevations are apparent, even in suberised endodermal cells (Figure 1, 2 permeable channels found in the plasma membrane of root cells are, for the most part, non-selective between cations and permeable to Na + (White, 1998 (White, , 2000 (White, 2001) . The data presented here are consistent with Ca 2+ in¯ux from the apoplast to State I endodermal cells, but not to suberised endodermal cells (Figure 1-3 and 5) , which parallels the delivery of Ca 2+ to the xylem along the length of Arabidopsis roots (Woolaway, 1999) . They also imply the absence of symplastic Ca 2+ transport between cortical and stelar cells, despite the presence of functional plasmodesmata (White, 2001 ] cyt might also occur. Thus, these stresses had different` [Ca 2+ ] cyt signatures' Plieth, 2001; Sanders et al., 1999) . The ability of a cell to generate speci®c [Ca 2+ ] cyt signatures in response to contrasting environmental challenges is thought to be a prerequisite for eliciting an appropriate physiological response Plieth, 2001; Sanders et al., 1999) .
Unsuberised root endodermal cells clearly have this ability, in common with other root cells. However, suberised endodermal cells were unable to respond to slow cooling with an increase in [Ca 2+ ] cyt since suberisation prevented Ca 2+ in¯ux. It would be intriguing therefore to ascertain how low-temperature acclimation occurs in these cells.
Experimental procedures
Plant material
The transgenic lines of Arabidopsis thaliana Heynh. employed in this study were generated and described by Kiegle et al. (2000b) . In the transgenic line J3611, apoaequorin fused to a modi®ed yellow¯uorescent protein (YFP) was expressed in root endodermal cells of Arabidopsis ecotype C24 (a derivative of Col-0) by GAL4-mediated transactivation.
Measurement of [Ca
2+
] cyt in root endodermal cells
Plants were grown for 7 days at 22°C on MS medium (Murashige and Skoog, 1962) supplemented with 0.8% agar under full spectrum¯uorescent tubes with a daily photoperiod of 16 h. To reconstitute the active photoprotein aequorin, seedlings expressing YFP-apoaequorin were incubated overnight in a solution containing 10 mM coelenterazine (Prolume, Pittsburgh, PA, USA), which was added from a stock of 1 mM coelenterazine in methanol. It was possible to reconstitute aequorin in endodermal cells throughout the root, as indicated by the high number of photon emissions throughout the length of roots of transgenic Arabidopsis line J3611 when challenged with a salt treatment ( Figure 1±3 ). Following the reconstitution of aequorin, plants were placed on moist ®lter paper (Whatman grade 1; Whatman Ltd, Kent, UK), which was transferred directly onto a Peltier element for cooling or onto 0.8% agar supplemented with 0.333 M NaCl to apply salt stress. The imaging of intact plants was performed using a Photek photon-counting camera housed in a light-tight chamber (Photek Ltd, St Leonards-on-Sea, UK). The camera was ®tted with a 16-mm TV lens with a magni®cation of 1.4 and delivered data to a computer at a rate of 25 frames sec ±1 . Subsequent analyses of temporal and spatial variations in photon emission were performed using image-analysis software. Aequorin luminescence was determined as photon emissions above background from selected areas (circles of diameter 1 mm) of the root. No spontaneous increases in aequorin luminescence were observed in unstressed plants transformed with 35S::apoaequorin (S. Scrase-Field, unpublished data).
Photon emissions were collected over a 400 sec period during which plants were cooled from 20 to 0.5°C over the initial 5 min (Kiegle et al., 2000b; Knight and Knight, 2000) or over a 240 sec period following the placement of plants on agar containing 0.333 M NaCl. The number of photon emissions above background was summed for the entire root and the aequorin luminescence of individual segments was expressed as a percentage of the total luminescence ( Figure 3B ). To normalise the aequorin luminescence from endodermal cells along roots of different lengths and with contrasting aequorin reconstitution, the number of counts above background was summed for each of 37 roots individually and the aequorin luminescence of individual segments was expressed as a fraction of the total luminescence multiplied by one tenth of the length of the root ( Figure 5B ). Data are expressed as mean T SEM from n observations. It was not possible to calibrate the aequorin signal obtained using the camera imaging system to obtain absolute [Ca 2+ ] cyt values, as this calibration requires total discharge of the aequorin in situ, which is practically impossible . Hence, it was assumed that any differences in aequorin reconstitution and photon-counting ef®ciency between endodermal cells of different developmental stages within the root were qualitatively similar in all roots surveyed. Since a comparison can be made of the contrasting responses of endodermal cells to slow cooling and acute salt stress, this lack of calibration does not affect any of the conclusions presented in this paper.
Visualisation of suberin lamellae
The development of suberin lamellae around endodermal cells was studied in transgenic Arabidopsis line J3611 expressing YFPapoaequorin grown in an identical manner to those used for the measurement of [Ca 2+ ] cyt perturbations. Suberin lamellae were visualised using a procedure modi®ed from Brundrett et al. (1988) . Intact plants were placed in a solution of 0.1% berberine hemisulphate dissolved in distilled water. After 15 min plants were removed and rinsed three times with distilled water. Plants were than soaked in 0.1% FeCl 3 in 50% glycerol and mounted in this solution on microscope slides. Berberine staining was observed under a Diaphot 300 inverted microscope (Nikon Co., Tokyo, Japan) with ®lters for UV excitation at 420±495 nm and emission at 520 nm. The number of endodermal cells surrounded by suberin lamellae was scored at discrete 1 mm distances from the root tip, and expressed as a percentage of the complete endodermal ring. The length of roots and the distance from the root tip at which lateral roots emerged were also recorded. Data are expressed as mean T SEM from n observations.
